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The reorientation dynamics of water confined within nanoscale, hydrophilic silica pores are inves-
tigated using molecular dynamics simulations. The effect of surface hydrogen-bonding and electro-
static interactions are examined by comparing with both a silica pore with no charges (representing
hydrophobic confinement) and bulk water. The OH reorientation in water is found to slow signif-
icantly in hydrophilic confinement compared to bulk water, and is well-described by a power-law
decay extending beyond one nanosecond. In contrast, the dynamics of water in the hydrophobic pore
are more modestly affected. A two-state model, commonly used to interpret confined liquid prop-
erties, is tested by analysis of the position-dependence of the water dynamics. While the two-state
model provides a good fit of the orientational decay, our molecular-level analysis evidences that
it relies on an over-simplified picture of water dynamics. In contrast with the two-state model as-
sumptions, the interface dynamics is markedly heterogeneous, especially in the hydrophilic pore and
there is no single interfacial state with a common dynamics. © 2012 American Institute of Physics.
[doi:10.1063/1.3679404]
I. INTRODUCTION
Understanding the behavior of water confined on
nanometer length scales is of great importance for a broad
range of fields, from chemistry to biology to engineering,
and covering situations as varied as ion channels,1 reverse
micelles,2, 3 fuel-cell membranes,4 and carbon nanotubes.5
Among the different confining environments, silica nanopores
have received significant attention, motivated by both their
fundamental properties and their relevance to practical appli-
cations such as separations, sensing, and catalysis. For exam-
ple, confinement in silica pores has been observed to lower the
crystallization temperature of water (and other liquids), allow-
ing the study of supercooled water at temperatures inaccessi-
ble in the bulk.6 In addition, solvation dynamics measured by
time-dependent fluorescence measurements can be consider-
ably slowed upon nanoconfinement of the solvent, sometimes
by orders-of-magnitude;3, 7 the motions probed in these ex-
periments are closely related to the reaction coordinates for
charge transfer processes, so these results are indicative of the
significant effects of confinement on chemistry.
A critical issue is to understand how and how much
the properties of water are affected by confinement in sil-
ica pores.8–13 X-ray, neutron diffraction, and nuclear mag-
netic resonance experiments14–18 have clearly established that
the structure of the interfacial water layer is strongly per-
turbed. However, the impact of confinement on the water dy-
namics is comparatively less well understood. Recent stud-
ies via optical Kerr effect (OKE) spectroscopy,8, 9 dielectric
relaxation,19 and numerical simulation20, 21 have all observed
a)Electronic mail: damien.laage@ens.fr.
b)Electronic mail: wthompson@ku.edu.
a slowdown in dynamics upon confinement, more pronounced
for hydrophilic pores than for hydrophobic ones. However, a
molecular picture to understand the origin of this slowdown
and thus how surface functionality could be used to tailor wa-
ter dynamics is still missing.
In this paper, we use molecular dynamics simulations
to examine the dynamics of water confined within amor-
phous silica pores ∼2.4 nm in diameter, focusing on the re-
orientation and hydrogen(H)-bond dynamics. To investigate
the role of surface polarity, we simulate both a hydrophilic,
OH-terminated pore and the same pore with all the atom
charges set to zero, making it effectively hydrophobic, and
compare the results to bulk water. We critically assess whether
the popular core/shell, or two-state, description22, 23 which
is frequently used in interpreting the results of experimental
measurements,2, 3, 7 can be justified by a molecular picture. Fi-
nally, we provide a molecular interpretation of the key factors
governing the interfacial water dynamics by examining the
OH-bond reorientation in the context of the recently devel-
oped extended jump model for water.24–26
II. COMPUTATIONAL METHODOLOGY
Classical molecular dynamics simulations were carried
out using the DL_POLY_2 software.27 Bulk water was
simulated using 343 molecules in a cubic box of side-length
21.725311 Å (ρ = 1.00 g/cm3). The simulations of water
confined in silica pores used a rectangular periodic box with
dimensions of 30 Å along the pore axis and 44 Å in the
perpendicular directions. The number of water molecules
was determined by grand canonical Monte Carlo simulations
using the Towhee program28 with a chemical potential of
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−30 kJ/mol, a value that gives a fully water-filled pore. This
gave 441 molecules for the normal, hydrophilic silica pore
and 416 for the hydrophobic pore with the charges set to zero.
The SPC/E model29 was used to describe the water inter-
actions. The parameters for the silica force field have been
given previously.30 Lennard-Jones interactions were evalu-
ated with a cutoff of 10.5 Å (15 Å) for bulk (confined)
water. Long-range electrostatic interactions were included
using three-dimensional periodic boundary conditions with
an Ewald summation using α = 0.25, a 10 × 10 × 10
k-point grid and a cuttoff of 10.5 Å for bulk water; α = 0.25,
a 10 × 10 × 8 k-point grid and a cuttoff of 15 Å were used
for water in the silica pores.
The bulk water simulation was initiated from a simple
cubic lattice and equilibrated for 0.5 ns before a data col-
lection stage of 2 ns. Water confined in the two silica pores
was equilibrated for 1 ns before an 8 ns data collection stage
during which the configurations were saved every 8 fs. For
the hydrophilic pore, the trajectory was extended for an addi-
tional 52 ns with configurations saved every 1 ps. In all cases,
a 1 fs time step was used. A Nosé-Hoover thermostat31, 32 with
a time constant of 1 ps was used to maintain the temperature
at 298 K. Error bars were calculated using block-averaging
with 10 blocks and reported at a 95% confidence level using
the Student t distribution.33
III. REORIENTATION DYNAMICS
We follow the reorientation dynamics of the water OH
bonds through the time-correlation function
C2(t) = 〈P2[e(0) · e(t)]〉, (1)
where P2 is the second Legendre polynomial and, for mea-
surements on water, e is the unit vector along the OH bond.
C2(t) is a good approximation to the anisotropy decay mea-
sured in time-resolved infrared pump-probe experiments.2, 34
These reorientational correlation functions are plotted in
Fig. 1 for water in the bulk as well as in the hydrophilic and
hydrophobic pores. These results show that both confinement
and the nature of the confining interface have a dramatic im-
pact on the water dynamics.
In bulk water, beyond the initial inertial and librational
reorientation (<1 ps), the decay is mono-exponential with
a 2.6 ps time scale (63% amplitude). In the hydrophobic
pore this bulk time scale persists but its amplitude is reduced
(44%) and the difference is taken up by the appearance of
at least two additional slower time scales, with characteristic
times of 6.3 ps (17%) and >40 ps (0.4%).
In contrast, within the hydrophilic silica pore water
reorientation is significantly slower. While the initial decay
follows the bulk time scale, at long delays (>20 ps) the
correlation function cannot be fit by a sum of exponentials.
While, as found previously for silica slit pores,35 a stretched
exponential can satisfactorily fit the short-time decay up to
10 ps, the long-time decay up to delays of 1 ns is best
described by a power-law decay, C2(t) ∝ t−1.1. Recently,
Milischuk and Ladanyi21 reported the results of simulations of
water structure and dynamics in silica pores constructed using
the same approach as in the present work. The reorientational
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FIG. 1. Water reorientation time correlation function C2(t), Eq. (1), in hy-
drophilic (blue) and hydrophobic (red) silica nanopores, together with the
bulk reference (black), in log-linear (a) and log-log (b) representations.
dynamics they observed for shorter times, t < 30 ps, were
also non-exponential, though not characterized as stretched-
exponential or power-law. It should be noted that the surface
roughness in the amorphous silica pores may also affect the
nature of the non-exponential dynamics compared to that for
silica slit pores involving comparatively flat interfaces.
Similar power-law behavior was previously observed in
OKE measurements on water confined in hydrophilic and
hydrophobic (alkyl-terminated) silica pores,8, 9 where the ex-
ponent was found to depend sensitively on the pore diameter
and on its surface polarity. In particular, in 2.5 nm diameter
sol-gel pores it was found that the OKE signal decayed as
a power law of the form t−0.33 and t−0.07 for the hydrophilic
and hydrophobic surface chemistries, respectively. For larger
pores, ∼6 and 10 nm in diameter, the exponent was found to
increase in magnitude and a second power law component
was required to fit the decay at shorter times. We note that the
comparison of the present results with these experiments can
only be qualitative for two reasons. First, OKE probes the
collective water reorientation, while our calculated C2(t) fol-
lows the single-molecule dynamics. For example, in the bulk
liquid, OKE also finds a power-law decay,8, 9 while our simu-
lations yield a single-exponential C2(t) decay, in quantitative
agreement with ultrafast infrared anisotropy experiments.36
Second, the hydrophobic sol-gel pores used in the OKE
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measurements are obtained by functionalizing the surface
with alkyl (effectively tert-butyl) groups. This both reduces
the pore size relative to the hydrophilic case and introduces
potential roughness if sufficient space exists between the
alkyl groups for water to penetrate to the un-functionalized
silica surface.
The presence of such a power-law decay in the re-
orientational correlation function could be ascribed to a
broad (power-law) distribution of reorientation times. Power-
law distributions of water relaxation times have been sug-
gested in different confining environments, including MCM-
41 nanopores20 and at the interface with several globular
proteins;37 power-law decays have also been observed for
solvation dynamics near DNA.38–40 Interestingly, the reori-
entational correlation function has been found to decay as a
stretched exponential in simulations of other confined water
systems including reverse micelles41 and silica slit pores.35
Before investigating the molecular origin of these distribu-
tions in nanopores, we first examine whether our results can
be described through the popular two-state (or core/shell)
model.
IV. TEST OF A TWO-STATE MODEL
The two-state core/shell model has been widely used to
interpret the dynamics of confined liquids,2, 3, 7 and we now
investigate whether its underlying assumptions are supported
by our molecular analysis. In this model, it is assumed that
only the liquid molecules near the interface with the confin-
ing framework (shell) have their properties substantially al-
tered while the pore interior (core) remains bulk-like. It has
been shown to provide a good fit of the measured anisotropy
decays for water in reverse micelles of diameter >4 nm; for
smaller diameters, the core is no longer bulk-like and its con-
tribution progressively disappears with decreasing size.42 A
similar behavior was observed in simulations of water con-
fined in slit pores.35
In the context of water OH orientational dynamics, the
core/shell model assumes that molecules in the interfacial
layer – within a distance  of the pore surface – have a modi-
fied correlation function, Cshell2 (t), while molecules in the pore
interior reorient according to Ccore2 (t). The molecular-level
implication is a position-dependent correlation function with
a sharp transition at the core/shell boundary:
C2(t ; d) = Ccore2 (t) + θ (d − )
[
Ccore2 (t) − Cshell2 (t)
]
,
(2)
where d is the distance from the pore wall and θ (x) is the
Heaviside step function. Then, for a cylindrical pore of ra-
dius R the overall orientational correlation function is a linear
combination of these core and shell results:22, 23, 30
CR2 (t) = Ccore2 (t) +
[
Cshell2 (t) − Ccore2 (t)
] {2
R
− 
2
R2
}
.
(3)
Since  is typically on the order of the thickness of a molec-
ular layer, the 2/R2 term is often neglected. Such two-state
models have been applied to numerous properties of confined
liquids including reorientational dynamics, vibrational and
optical spectra, conformational equilibria, and vibrational en-
ergy relaxation.2, 3, 7 However, a few recent studies have also
questioned the adequacy of a two-state description.30, 41, 43, 44
Often, the two-state model is tested by comparing the ob-
served R-dependence of a given property to the prediction of
the model, Eq. (3). In this work, an alternative approach is
adopted for two reasons: (1) a single pore size was simulated
and (2) the 1/R dependence predicted by the two-state model
arises from the cylindrical geometry and may not be sufficient
to differentiate between different microscopic models. Thus,
our main focus lies instead in the molecular-level assump-
tions in the two-state model, specifically, the d-dependence of
C2(t; d). We therefore examine the range over which the pore
wall affects the water dynamics and contrast the situations in
the hydrophobic and hydrophilic pores.
Reorientational correlation functions for different initial
H positions in the pore, measured by their distance d to the
nearest pore oxygen atom, are shown in Fig. 2. In the hy-
drophilic pore, two main motifs are found for these position-
dependent correlation functions. For the water hydrogens
closest to the pore surface (d = 2–3 Å), the reorientation fol-
lows a power-law which is similar to the average reorientation
found for all waters within the pore. At larger distances from
the pore wall (d ≥ 5 Å), the dynamics is nearly bulk-like, with
a long time scale that decreases monotonically from 3.5 ps at
d = 5 Å to 2.8 ps at d = 8 Å, compared to 2.6 ps for bulk
water. The water structure revealed by the distribution of wa-
ter positions relative to the pore wall (Fig. 2(c)) shows that
these two motifs correspond, respectively, to water molecules
initially lying in the interfacial layer and further in the pore
center. The intermediate pattern observed for d = 4 Å, where
the decay is mostly bulk-like with an additional slow compo-
nent, comes from the partitioning of waters initially between
the first and second layers in these two environments with dis-
tinct dynamics. This analysis clearly shows that the impact
of the pore is mostly limited to the interfacial layer, and that
the long-time non-exponential decay of the global C2(t) arises
from these interfacial waters.
In the hydrophobic pore, the position dependence of
C2(t; d) (Fig. 2(b)) is similar to that for the hydrophilic pore,
showing that the pore mainly retards the interfacial layer.
However, there is a key exception for initial locations closest
to the interface (d = 2 Å), where the initial decay of the
correlation function is faster than in the bulk. This results
from the lack of hydrogen-bonding (H-bonding) partners for
these OH bonds at the hydrophobic interface46, 47 which leads
to a large inertial component of 49%, nearly three times that
for bulk water.
The dramatically different dynamics observed for the
hydrophilic and hydrophobic pores is thus clearly attributable
to the pore-water interactions. The contrast between the two
pores can be further analyzed by comparing the structures
of the interfacial layer, measured through the distributions
of water hydrogen and oxygen atom distances, d, relative to
the pore wall (Fig. 2(c)). As previously suggested for a set
of related nanopores,18 the key difference originates from
the presence of water-silica H-bonds in the hydrophilic case,
while water molecules form H-bonds between themselves
in the hydrophobic case. This is shown by the distinct peak
in the hydrogen distribution around 1.8 Å in the hydrophilic
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FIG. 2. Reorientational correlation function, C2(t; d), plotted versus time for
water in the hydrophilic (a) and hydrophobic (b) pores for different values
of the initial distance d between the hydrogen atom and the pore wall.45
For comparison, results are shown for bulk water and all confined water
molecules. (c) Probability distribution for hydrogen (solid lines) and oxy-
gen (dashed lines) atoms in water as a function of the distance d from the
nearest pore oxygen atom. Results are shown for the hydrophilic (blue) and
uncharged, hydrophobic (red) pores.
pore, a feature absent in the hydrophobic case. This is also
reflected in the oxygen distributions which are displaced
further from the surface in the hydrophobic pore, peaking at
∼3.1 Å compared to ∼2.9 Å in the hydrophilic pore. We will
see below how these different structures of the interfacial
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FIG. 3. Comparison between the reorientational correlation functions C2(t)
directly obtained from the simulations (dashes, see Fig. 1) and reconstructed
from a two-state model, Eq. (3), (solid lines) combining the displayed core
and shell components in the hydrophilic (a) and hydrophobic (b) pores with
a shell thickness  = 3.5 Å and a pore radius R = 12 Å.
water layer cause the dramatic difference in dynamics
between the two pores.
Based on this detailed analysis of the C2(t; d) results, we
now examine whether the average decay can be reconstructed
within a simplified two-state core/shell model, Eq. (3), with
carefully determined decays for the interface and the interior.
We approximate the shell contribution Cshell2 (t) as the average
of the C2(t; d = 2 Å) and C2(t; d = 3 Å) decays, weighted
by the number of water molecules at each distance, while
the core contribution is taken to be C2(t; d = 7 Å). Figure 3
shows that such a two-state model provides a very good fit
of the global reorientation decay. For the present pore size (R
= 12 Å), the shell thickness ( = 3.5 Å) is not negligible and
the (/R)2 term in Eq. (3) should be included. It is interesting
to note that fitting the reorientational decay using Eq. (3)
gives  = 2.8 Å for both the hydrophilic and hydrophobic
pores, a value somewhat smaller than anticipated from the
definition of Cshell2 (t).
Our molecular-level study of the water reorientation
dynamics therefore shows that the simple assumptions
underlying the two-state model, namely the existence of two
distinct states, each with homogeneous dynamics, are not
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satisfied. The shell contribution is clearly heterogeneous,
with a non-exponential relaxation. As shown in Fig. 3, the
two-state model can be adapted to provide a satisfactory de-
scription of the orientational relaxation if the non-exponential
character of the shell contribution is explicitly considered.
However, this effective description does not fully address the
microscopic origin of the water dynamics. We now address
this issue by providing a molecular-level explanation of the
non-exponential decay within the interfacial layer and of the
dramatically different dynamics within the hydrophilic and
hydrophobic interfaces.
V. HYDROGEN-BOND JUMP PICTURE
We analyze the water reorientation dynamics through the
recently suggested extended jump model.24–26 The basic com-
ponents of this model are that reorientation occurs mainly
through large angular jumps associated with changes in the H-
bond partner of a given OH moiety, with a minor contribution
coming from the “frame” reorientation of the intact H-bond
between such jumps.24, 26 This model was shown to describe
successfully the water reorientation dynamics next to a broad
range of solutes and interfaces,26 including hydrophobic47
and hydrophilic interfaces.48
Since jumps represent a dominant contribution to
the reorientation kinetics (except next to strong H-bond
acceptors49, 50), differences in the reorientation time usually
result directly from changes in the jump time, τ 0, which is
the inverse rate constant for exchanging H-bonding partners.
It can be obtained from the side-side correlation function,
CAB(t) = 〈nA(0) nB(t)〉, (4)
where nA(0) = 1 when an OH bond is engaged in a
H-bond with an initial acceptor, labelled A, and similarly nB(t)
= 1 only when the same OH bond has formed a new H-bond
by exchanging the acceptor A for a new acceptor B. Thus,
the increase in CAB(t) with time measures the time scale for
H-bond exchanges and 1 − CAB(t) decays exponentially as
exp (− t/τ 0). Jump times are calculated with absorbing bound-
ary conditions in the product B state and thus correspond to
well-defined initial and final states.
In the hydrophilic silica pore, the exposed H-bond accep-
tor groups are all oxygens but they represent a heterogeneous
group since they include bridging oxygens (–Si–O–Si–) as
well as silanols (–Si–O–H) and geminals (H–O–Si–O–H),
arranged on a rough surface. The decay of the H-bond
exchange correlation function, 1 − CAB(t), for all water
OH groups is thus not single-exponential and a single jump
time is not obtainable. It is interesting then to consider the
correlation function for each different H-bond acceptor type.
This is presented in Fig. 4(a), where 1 − CAB(t) is plotted
for OH groups initially donating a hydrogen bond to a water
oxygen, bridging oxygen, silanol oxygen, and geminal oxy-
gen, respectively. It is clear that these correlation functions
also do not exhibit single-exponential dynamics. In other
words, a single jump time is not adequate to describe even all
OH groups hydrogen bonded to a particular type of H-bond
acceptor. However, greater insight into the interfacial water
dynamics can be obtained by calculating CAB(t) separately for
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FIG. 4. (a) H-bond exchange correlation function 1 − CAB(t), Eq. (4), for
OH groups initially H-bonded to water oxygens (black), silanol oxygens
(red), geminal oxygens (violet), and bridging oxygens (blue). (b) Same as
(a) but each curve corresponds to all OH groups hydrogen bonded to a partic-
ular silanol oxygen acceptor. (c) The distribution of single-exponential decay
times of 1 − CAB(t) for individual acceptors on the pore (silanol, geminal,
and bridging oxygens).
each initial acceptor on the pore. Specifically, 1 − CAB(t) can
be calculated for all OH groups H-bonded to a particular, in-
dividual silanol oxygen, and the results are shown in Fig. 4(b).
This does yield approximately single-exponential decays for
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each 1 − CAB(t). The same analysis has also been carried out
for individual geminal and bridging oxygens (not shown),
which show similar behavior. The variation in the decay times
of the correlation functions in Fig. 4(b) provides a measure
of the dynamical heterogeneity within the interfacial layer. It
indicates that the origin of the nonexponential decay of the
correlation function obtained for all silanol oxygen H-bond
acceptors is related to the strong dependence of the jump time
on the location of the acceptor on the pore surface. This vari-
ation of the jump time, τ 0, with acceptor is also illustrated in
Fig. 4(c) where the distribution of τ 0 is plotted; these results
are obtained for all individual H-bond accepting oxygens
(silanol, geminal, and bridging) based on an automated fitting
of the individual acceptor correlation functions, such as those
in Fig. 4(b).
Taken together, these results probing the hydrogen-bond
exchange times indicate that the waters H-bonded to the sur-
face cannot be viewed, at the molecular-level, as a single
population with common dynamics – an observation that is
at odds with the implication of a two-state model, since the
“shell” state itself includes a broad distribution of sub-states
with distinct dynamics. Moreover, it suggests that the non-
exponential decay in C2(t) for OH bonds near the pore surface
may arise from this heterogeneity.
As shown previously in other environments, changes in
jump times relative to the bulk arise from two factors,26 the
strength of the initial H-bond, if it is not a water-water bond,
and the degree of local confinement, that is, excluded volume
effects. In the hydrophilic pore, the different hydrogen-bond
acceptors (bridging oxygens, silanols, and geminals) com-
bined with the roughness of the pore wall lead to a broad
distribution of jump times.51 In the hydrophobic pore, water
molecules cannot form H-bonds with the interface and most
water OH groups lie approximately tangent to the pore wall.47
For these OHs, reorientation dynamics is governed only by
the local excluded volume, e.g., by the surface roughness.
This explains why the spread in the reorientation time distri-
bution is reduced in the hydrophobic case, leading to a quasi
single-exponential behavior as seen in Figs. 1(b) and 2(b). In-
deed, recent work on model flat silica surfaces suggests that
interfacial water dynamics could be accelerated by reducing
the surface polarity.48
VI. CONCLUDING REMARKS
Water reorientation dynamics in a nanoscale, hydrophilic
silica pore and compared with water confined in a hydropho-
bic silica pore and the bulk liquid. The reorientation of the
OH-bond is dramatically affected by confinement within the
∼2.4 nm hydrophilic pore. The longest time scale for re-
orientation, measured by the C2(t) reorientational correlation
function, is ∼2.6 ps in the bulk liquid. This is lengthened by
roughly two orders-of-magnitude for water in the hydrophilic
pores and is best fit by a power-law decay. The results are sen-
sitive to the pore interactions. A hydrophobic pore, obtained
by setting the surface charges to zero, gives dynamics that dif-
fer from the bulk primarily by the appearance of an additional
timescale that is ∼2.5 times longer than that of bulk water.
A two-state, or core-shell, model is a reasonable, but in-
complete, molecular-level description of confined water in the
hydrophilic silica pores. Specifically, the total C2(t) reorien-
tational correlation function is well described by a sum of
the correlation functions for water molecules at the pore sur-
face (in the shell) and waters in the interior (core), as pre-
dicted by the model. However, in contrast with the assump-
tions of the two-state model, the dynamics within each state
is not homogeneous. The power-law decay of C2(t) in the
hydrophilic pore appears to be a consequence of the hetero-
geneity of the surface – the shell waters themselves exhibit a
power-law decay – and indicates the difficulties with identi-
fying water at the pore interface as a single population. On
the other hand, the dynamics can be meaningfully interpreted
by examining the reorientation in terms of a hydrogen-bond
jump model. The dynamics associated with the exchange of
hydrogen-bonding partners for a given hydrogen-bond accep-
tor on the pore surface (silica or silanol oxygen) is nearly sin-
gle exponential.
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